Abstract. Currently, the use of stem cell transplantation for the treatment of osteoporosis is a popular research topic. In general, promotion of the osteogenic differentiation of stem cells is the goal of researchers. MicroRNAs (miRNAs of miRs) are critical regulatory factors of osteogenic induction, and miR-9 and miR-10 have been substantiated to be involved in the osteogenic process, yet the underlying mechanisms remain unclear. The present study investigated the role of miR-9 and miR-10 in the osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) and aimed to elucidate the mechanism of osteogenic differentiation. Using MTT assay and RT-PCR, we found that miR-9 expression was upregulated and miR-10 expression was downregulated during osteogenic differentiation. Moreover, as shown by the results of mineralization analysis and western blot analysis, the overexpression of miR-9 enhanced the osteogenic abilities and overexpression of miR-9 inhibited these abilities. Furthermore, miR-9 and miR-10 also affected the expression of Runt-related transcription factor 2 (Runx2) and extracellular signal-regulated kinase (ERK) pathway by western blot analysis. Based on these results, we conclude that miR-9 and miR-10 play key roles in regulating the differentiation of BMSCs.
Introduction
Osteoporosis is a chronic non-communicable disease characterized by reduced bone mass and the disruption of bone architecture results in increased risk of fragility fractures. Osteoporosis has major impacts on individuals, healthcare systems and societies (1) . The World Health Organization (WHO) considers osteoporosis to be next only to cardiovascular disease as a critical health issue (2) . In China, the reported overall prevalence of osteoporosis based on nationwide surveys ranges from 6.6 to 19.3% (average, 13.0%) (3) . Moreover, it has been estimated by authority agency that the population with osteoporosis will increase sharply from 83.9 million in 1997 to 212 million by 2050 (4) . For the prevention of osteoporosis, antiresorptive drugs (bisphosphonates and denosumab) that decrease high bone resorption and, osteoanabolic drugs (teriparatide) that promote bone formation, are the mainstream of therapy (5) . The availability of antiresorptive and osteoanabolic drugs has enhanced our ability to reduce the risk of fracture. But, the efficacy of all of the drugs has not met our expectations. Increasing evidence suggests that senescence of functional stem cells is critical in aging and aging-associated degenerative diseases. As stem cells possess a high proliferative capacity and have the potential to differentiate into osteoblasts, stem cell transplantation is generally considered as a highly promising method for osteoporosis (6, 7) . Mesenchymal stem cells are multipotent cells, which can replicate as undifferentiated cells and have the potential to differentiate into lineages of mesenchymal tissues, including bone, cartilage, fat, tendon, muscle and marrow stroma (8) . Induction of the osteogenic differentiation of mesenchymal stem cells is the goal of the scientists, but the overall effect is still poor.
MicroRNAs (miRNAs or miRs) are endogenous ~22-nt RNAs that can play important regulatory roles in animals and plants by targeting mRNAs for cleavage or translational repression (9) . Of note, recent studies have demonstrated that miRNAs play significant roles in all stages of bone formation, suggesting the possibility that miRNAs can be novel therapeutic targets for skeletal diseases (10) . In this study, we investigated the role and mechanism of action of miRNAs in the osteogenic differentiation of mesenchymal stem cells. Previous research has demonstrated that miR-9 and miR-10 play important roles in the differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) (11, 12 ). Yet, it remains unclear whether miR-9 and miR-10 regulate osteogenic differentiation during the differentiation of BMSCs. Therefore, in this study, we sought to explore the role of miR-9 and miR-10 in BMSC osteogenic differentiation and to investigate the mechanisms of miR-9 and miR-10 in the promotion or inhibition of BMSC differentiation into osteoblasts. We hope that our research will contribute to the prevention of osteoporosis.
Materials and methods
Reagents. Fetal bovine serum (FBS), α-minimal essential medium (α-MEM), penicillin and streptomycin were obtained from Invitrogen (Carlsbad, CA, USA). β-glycerophosphate, dexamethasone, ascorbic acid, Triton X-100, DMSO and Alizarin Red S were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-β-actin (sc-47778), anti-p-extracellular signalregulated kinase (ERK; sc-377400), anti-t-ERK (sc-514302), anti-Runt-related transcription factor 2 (Runx2; sc-12488), anti-osteonectin (sc-13326) and anti-ColA1 (sc-59954) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Alizarin Red was obtained from Sigma-Aldrich. An enhanced chemiluminescence (ECL) kit was purchased from Pierce Biotechnology/Thermo Fisher Scientific (Rockford, IL, USA). Alkaline phosphatase assay enzyme-linked immunosorbent assay (ELISA) kit was purchased from Abcam (Cambridge, MA, USA). All water used was glass distilled.
Ethics statement. The research was approved by the Ethics Committee of the Medical Ethics Committee of Guizhou Orthopedics Hospital. All experimental procedures were conducted in conformity with institutional guidelines for the care and use of laboratory animals.
Cell culture. Mesenchymal stem cells (MSCs) were collected from SD rats by flushing the femurs with α-MEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin. The obtained suspension was centrifuged at 300 x g for 5 min. The pellet was incubated in 5% CO 2 at 37˚C for 72 h. Hemopoietic cells are unable to adhere to the surface of culture dishes, while MSCs are able to adhere. Thus, we used this method to separate the cells. The primary cells were passaged, after 6 days from isolation. Adherent cells were subcultured using 0.2% trypsin plus, when MSCs reached 80% confluency.
Osteogenic differentiation. Cells were seeded into 10-cm culture dishes or 24-well plates. For osteogenic differentiation, the cells were treated with osteogenic medium consisting of phenol red-free α-MEM, 10% FBS, ascorbic acid (50 µg/ml), dexamethasone (10 -8 M) , and β-glycerophosphate (10 -2 M). For the control, the cells were treated with normal medium consisting of α-MEM supplemented with 10% FBS. The medium was changed twice every week.
ALP detection. ALP activity in the lysate was detected with the use of an alkaline phosphatase ELISA kit (Abcam) according to the manufacturer's instructoins. The absorbance was measured at a wavelength of 405 nm using a microplate reader (EL309; Bio-Tek, Winooski, VT, USA). The corresponding activity was calculated based on a standard curve according to a sample absorbance value.
Mineralization analysis. The intracellular calcium deposition was assessed by Alizarin Red staining. Briefly, MSCs were seeded into 12-well plates and grown under osteogenic conditions as described above. Control cells were treated with normal medium consisting of α-MEM supplemented with 10% FBS. The medium was changed twice every week. At different culture days, the cells were fixed with ice-cold 70%, washed with sterile 1X phosphate-buffered saline (PBS), stained with 2% (w/v) Alizarin Red S and visualized using a light microscope (SZX10; Olympus, Tokyo, Japan).
Plasmid construction and transfection. MicroRNAs mimicking miR-9 and miR-10 were obtained from GenePharma (Shanghai, China). Overexpression plasmids were purchased from Addgene (Cambridge, MA, USA). The cells were seeded into 6-well plates and incubated for 24 h to reach 90-100% confluency. Then, the cells were transfected using α-MEM containing 5 µl Lipofectamine and 100 nM pre-miRs/well in a final volume of 1 ml (500 µl) for 4 h, and then replaced with growth medium and cultured for 48 h. All experiments were performed for at least three biological repeats.
RNA extraction and RT-PCR.
Total RNA was isolated from the cells using TRIzol reagent (Invitrogen). The RNA concentration was determined using a NanoDrop dispositive (Thermo Scientific, Waltham, MA, USA). For the RT-PCR assays, reverse transcription (RT) reactions for the miRNAs were carried out using stem-loop primers. The RT for miRNA-9 and miR-10 was carried out with 100 ng of total RNA using thermostable M-MLV Reverse Transcriptase (Invitrogen). PCR reactions were performed with a Gene Amp PCR System 9700 (PerkinElmer, Waltham, MA, USA) and amplified for 35 cycles. The amplified products were separated by electrophoresis on a 2% agarose gel and visualized by ethidium bromide staining. Each product was visualized after separation using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. Image density was quantified with a FluoroImager SI (Amersham Pharmacia Biotech, Amersham, UK).
For quantitative PCR assays, RT reactions for the miRNAs were performed using the miRNA First-Strand cDNA Synthesis kit (Invitrogen) following the manufacturer's instructions. Real-time PCR was performed using 1 µl of cDNA in a 25 µl reaction volume with LightCycler Real-time PCR system (Roche Applied Science, Indianapolis, IN, USA). The temperature profile of the reaction was 95˚C for 15 min, 40 cycles of denaturation at 95˚C for 30 sec, annealing at 54˚C and 58˚C (miR-9 and -10) for 30 sec, and extension at 72˚C for 1 min. The relative expression levels were respectively normalized to GAPDH.
Western blot analysis. Briefly, nuclear and cytosolic extracts or total cell lysates were prepared and equal amounts of protein samples from the MSCs were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 10% gradient Tris-glycine gels. After that, the proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Temecula, CA, USA). Then, the blots were incubated with the following primary antibodies, after blocking with 5% fat-free milk for 1 h. The primary antibodies used in the present study were as follows: osteonectin (1:400), ColA1 (1:400), Runx2 (1:400), t-ERK (1:800), p-ERK (1:800) and β-actin (1:1,000). The membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (sc-2073; Santa Cruz Biotechnology, Inc.) overnight at 4˚C.
Protein detection was performed using an ECL kit. The relative amounts of various proteins were analyzed. The results were quantified by Quantity One software.
Statistical analysis. Data are reported as the means ± SD and were analyzed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) statistical software. Variance was homogenous for use of standard ANOVA methodology. After statistical significance was established by ANOVA, individual comparisons were made using Tukey's multiple comparison test. The level of significance was defined as P<0.05.
Results
The changes in miR-9 and miR-10 expression during the process of osteogenic differentiation. Osteogenic differentiation can be regulated by multiple signaling molecules and transcriptional regulators, yet the role of miR-9 and miR-10 in the osteogenic differentiation of BMSCs is not clear. This study aimed to elucidate the role of miR-9 and miR-10 in the osteogenic differentiation of BMSCs. From the results of Fig. 1A and B, we found that, in the differentiation medium, the miR-9 expression was increased in a time-dependent manner while the expression of miR-10 was decreased in the differentiation medium during the process of osteogenic differentiation. However, in the normal growth culture medium, the miR-9 and miR-10 expression did not change significantly (Fig. 1) . To further confirm the miR-9 and miR-10 changes in osteogenic induction, RT-PCR was conducted (Fig. 1C and D) and the results were in good agreement with the RT-qPCR results (Fig. 1A and B) . Through the above study, we draw the following conclusions, that during the process of osteogenic differentiation, the expression of miR-9 was upregulated and miR-10 was downregulated as the culture time was prolonged.
The expression changes of miR-9 and miR-10 in BMSCs after transfection of the overexpression plasmids during the process of osteogenic differentiation. During the process of osteogenic differentiation, the expression of miR-9 and miR-10 were respectively upregulated and downregulated. Therefore, we aimed to ascertain whether the overexpression of miR-9 and miR-10 will alter the process of osteogenic differentiation in the BMSCs. RT-PCR analysis was performed from isolated total RNA for miR-9 and miR-10 levels after the cells were transfected with a plasmid expressing the corresponding gene at different times ( Fig. 2A-D) . Following transfection of the cells, the expression levels of miR-9 and miR-10 were significantly increased and peaked at 72 h. Then we determined changes in miR-9 and miR-10 expression (after transfection with the plasmids for 72 h) in differentiation medium at 0, 48, 96 and 168 h. As shown in Fig. 2E and F the expression of miR-9 was upregulated and peeked at 96 h, while expression of miR-10 was downregulated at 96 h and reached a minimum at 168 h. It can be seen that during the process of osteogenic differentiation, there are changes in miR-9 and miR-10 expression. We consider that these two genes will have an effect on osteogenesis.
The effects of miR-9 and miR-10 on osteogenic differentiation of BMSCs.
To investigate the role of miR-9 and miR-10 in the osteogenic differentiation of BMSCs, the overexpression plasmid transfection was employed to alter the gene expression in our study. We treated both miR-9-and miR-10-overexpressing cells and control cells were treated with differentiation medium for 7 days, and various osteogenic differentiation indicators were detected. As shown in Fig. 3A , mineralization was noted in the BMSCs on day 7 after treatment with the different vectors. Overexpression of miR-9 markedly increased the mineralization effects compared with the control group, while overexpression of miR-10 diminished the mineralization. Moreover, in the miRNA-10-overexpressing BMSC group, osteonectin and ColA1 protein levels were significantly inhibited, while miR-9 increased the levels, compared to the control group. Furthermore, in the miR-9-overexpressing BMSCs, the alkaline phosphatase (ALP) activity levels were increased, while it is decreased in the miR-10-overexpressing BMSCs (Fig. 3D) . These results illustrate that miR-9 promotes osteogenic differentiation while miR-10 inhibits osteogenic differentiation.
miR-9 and miR-10 activate or inhibit Runx2 expression and ERK signaling pathway. Previous studies have found that the transcription factor, Runx2 is one of the earliest and most specific markers of osteogenesis (13) . We next explored the effects of miR-9 and miR-10 on Runx2 expression. As shown in Fig. 4A , overexpression of miR-9 increased protein expression of Runx2, while the overexpression of miR-10 decreased the level of Runx2 by western blot analysis. Moreover, extracellular signal-regulated kinase (ERK) and mitogen-activated protein kinase (MAPK) signaling pathways have widely recognized roles in osteogenic differentiation (14) . Thus, we aimed to ascertain whether miR-9 and miR-10 regulate osteogenic differentiation via these pathways. As shown in Fig. 4B and C, overexpression of miR-9 upregulated the level of phosphorylated ERK, while miR-10 downregulated the level of p-ERK. Notably, the total level of ERK did not change significantly regardless of whether the cells were transfection or not with miR-9 and miR-10. Our results imply that miR-10 negatively regulates osteogenic differentiation via ERK/MPAK signaling and miR-10 positively activates this signaling pathway. (16, 17) . Through the binding of the 3'-UTR of target mRNAs, miRNAs induce the silencing of the protein expression of target genes through translational repression or mRNA degradation (18) .
Recently, a number of studies have revealed that miRNAs participate in bone metabolism, including osteoblast growth, differentiation and stem cell osteogenic differentiation, which have shed light on the mechanisms underlying osteogenic differentiation (19, 20) . Previous studies have also found that during the process of differentiation of BMSCs towards adipogenic, osteogenic and chondrogenic lineages, the expression levels of miR-196a, miR-378-star, miR-486-5p and miR-664 were upregulated; miR-708, miR-3197 and miR-637 were downregulated in elderly subjects (ranging from 65 to 80 years of age) compared with young subjects (ranging from 17 to 30 years of age) (10, 21, 22) . In recent years, miR-9 was reported as having an important role in tumor tumorigenesis and the progression of numerous types of cancers, while our studies have found that miR-9 may be a key mediator in osteogenic differentiation (23, 24) . Similarly, miR-10 is co-expressed with a set of Hox genes and has been found to regulate the translation of Hox transcripts and attracted attention (25, 26) . Bioinformatic data also revealed that miR-10 could bind with many bone metabolism-related mRNAs, which indicates that the function of miR-10 is more complex than expected. In the present study, we first detected the expression of miR-9 and miR-10 in MSCs with nomal growth medium and osteogenic differentiation medium, and the results showed that miR-9 and miR-10 expression was slightly altered in a normal growth status, while they were significantly altered under osteogenic differentiation conditions with upregulation of miR-9 and downregulation of miR-10. Moreover, overexpression of miR-9 promoted osteogenic differentiation while overexpression of miR-10 suppressed it.
Runx2 as an osteogenesis-specific transcription factor plays an important role in the osteogenesis of MSCs not only promoting the expression of osteogenesis-related genes, improving the bone microenvironment but also having a close association with a large number of signaling molecules inc luding TGF-β, BMP, Wnt, Hedgehog, FGF and microRNAs (27, 28) . Our data found that miR-9 and miR-10 influence the expression of Runx2, with upregulation by miR-9 and downregulation by miR-10 in good agreement with previous studies. Moreover, previous studies have indicated that the MAPK signaling pathway may be involved in the osteogenic differentiation of BMSCs and Runx2 is physiologically regulated by the MAPK pathway (29, 30) . In this study, we found that altering the expression of miR-9 and miR-10 significantly influenced the expression of Runx and the phosphorylation of ERK during BMSC osteogenic differentiation.
In conclusion, our findings revealed that miR-9 positively regulated the expression of the osteogenesis-related Runx2 gene and overexpression of miR-9 promoted osteogenic differentiation of BMSCs. By contrast, miR-10 overexpression not only inhibited the expression of Runx2 but also negatively regulated osteogenic differentiation. Nonetheless, further experiments are required to show a correlation between miR-9 and miR-10 expression and osteogenic differentiation of BMSCs in our study. In the future, miRNAs may serve as crucial regulators of osteogenic differentiation.
